ESE 5310: Digital Signal Processing

Lecture 7: February 13, 2024
DT/CT Processing of CT/DT Signals
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‘ Lecture Outline

0 Sampling/Recon Review

a DT processing of CT signals

= Impulse Invariance

a CT processing of DT signals (why??)
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Signal Processing

0 Use theory of sampling (C/D) and reconstruction
(D/C) to implement signal processing systems

0 Two cases:

= Discrete-time processing of continuous-time signals

ze(t) oD x[n] H(eiv) y[n] D/C yr(t)

t
T T
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Signal Processing

0 Use theory of sampling (C/D) and reconstruction
(D/C) to implement signal processing systems

0 Two cases:

= Discrete-time processing of continuous-time signals

4 N\

ze(t) oD x[n] H(eiv) y[n] D/C yr(t)

t
T T

- J

= Continuous-time processing of discrete-time signals

e N

xln T.(t c( n
u* T PZ0] g B PG

t
1

T
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: Discrete-Time Processing of Continuous Time

. ] () yin]
“){ C/D ]—{H(elw)H DIC } yrlh),
s I
\_ T T J
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: Discrete-Time Processing of Continuous Time

i :X[n] y[n]
404 o | o s 120

A f
CEER PP L

1 « (w 27k

XEe")=— > X, j( - )
re cl\r 1)
X(e’)
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Discrete-Time Processing of Continuous Time

yr(t)

>

Sum of scaled
shifted sincs

- sin[w(t-nT)/T]
m(t-nT)/T
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: Discrete-Time Processing of Continuous Time

.. dn) (T vin]
(t){ C/D 1 H(el) — D/C} (D),
i 1
(. T- T- /

V(1) = EY smn(t nT)/T]

joy _ 1 X
X =7 ) X, a(t-nT)/ T

I =,

(o 27k

/ r T

o If h{n]/H(e®) is LTI
n Is the whole system, H, g, from x_ (t)2y,(t) LTT?

Nn=—00
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: Discrete-Time Processing of Continuous Time

. K] () yin]
“){ C/D 1 H(el) — D/C} urlt,
i i
N\ T T J

°° sin[m(t-nT)/T]

X (™) =% i X

k:—OO

. a)_Zth
/ Tr T

a If x (t) is bandlimited by Q./2=n/T, then,

y,(6)=" yn] TV T

n=-—0o0

LUD _pp gy-) HE) <TT /T
X .(j)
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0 else




®: Example 1

0 Consider the following system

(t ) xn] ) vin] Y | gt
g (){ C/D {H(elw) { pic 40
T J J T J
- T T J
0 Where B ‘w‘qu
H(e™) =4 i
0 a)c<‘a)‘sn

a0 A) What 1s the etfective tfrequency response of the
system? B) What happens to a signal bandlimited by
QN7
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®: Example 2

a DT implementation of an ideal CT bandlimited

differentiator
c Xinl () vin] i
$ﬂ* H(ei) pic 4,
)
T T

0 The ideal CT differentiator is defined by

V(1) = [ (D]
a0 With corresponding

H.(j$2) = j<
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Impulse Invariance

0 Want to implement continuous-time system. ..

Continuous-time
—p LTTsystem -
x.(t) h.(t), H.(j€) ye(?)
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Impulse Invariance

0 Want to implement continuous-time system. ..

Continuous-time
— LTTsystem -
Xc(!) hc(’)s Hc(]‘)') yc(’)

0 ...1n discrete-time

i ittt

|

| Discrete-time

i)— C/D p——»| LTlsystem p—> D/C
xc(2) , x[n] h[n],H(e’) | y[n]

] !

, T T

|

Ho5(j€Y) = H(j§2)
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>
}'r(f) =¥.(0)
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: Impulse Invariance

a0 With H.(j€2) bandlimited, choose

H(e')=H ( jQ)‘Qﬁ , ‘a)‘ <
T

a With the further requirement that T be chosen such
that

H (jQ)=0, ‘Q‘zn/T

Penn ESE 5310 Spring 2024 - Khanna
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: Impulse Invariance

o With H.(j€2) bandlimited, choose

H(e')=H ( jQ)‘Qﬁ , ‘a)‘ <
T

a With the further requirement that T be chosen such
that

H (jQ)=0, ‘Q‘zn/T

h[n]=Th (nT)
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Impulse Invariance

0 Let,

h[n]=h (nT)

Penn ESE 5310 Spring 2024 - Khanna
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: Impulse Invariance

0 Let, ‘HC(jQ)=O, ‘Q‘ZE/T‘
h[n]=h (nT)

0 If sampling at Nyquist Rate then

- ] - (w 2k
HEe")=— Y H |j|l—-
( ) Tkgoo C_](T T )
HEeY =11 [ i2], o<
T \° T
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: Impulse Invariance

0 Let, ‘HC(jQ)=O, ‘Q‘ZE/T‘
h[n]=h (nT)
0 If sampling at Nyquist Rate then
- T « (w 27K\
HEe")=— Y H |j|—=-
(e™) Tk;_oo C_](T T )
- T W
He")=—H | j—|, w|<m
(e™) - C(]T) [
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Impulse Invariance

0 Want to implement continuous-time system in
discrete-time

Continuous-time
— LTTsystem -
x.(1) h.(1), H.(j€1) ye(t)

——— — — — — —— — — — — —— — ————————— —— — — — —

=
{

| Discrete-time
ib— C/D p——»{ Lllsystem p——> D/C
|

|

|

i

|

x. ()

|
|
|
. ! >
x(n] | hinlHE®) | yn) |3,(0) = 5.0)
:
|

Ho5(j€Y) = H(j§2)
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‘; Continuous-1ime Processing of Discrete-Time

0 Usetul to interpret DT systems with no simple
interpretation in discrete time

-

Penn ESE 5310 Spring 2024 - Khanna

t
T

)

)

To(T et
[ D/C ]J{Hc(jn) O cp
i

T

Is the H.«(e®) LTI?



: Continuous-Iime Processing of Discrete-Time

s

g

~N
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xin T.(t c(t n
i_} (1) He(Q) ye(t) /D yin]
1
T T )
r QT
X (j9)=- TX (e™7) ‘Q‘«z/T
0 else
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: Continuous-Iime Processing of Discrete-Time

s

~N

z[n x (1) o(t n
YL e e P op L
1
\ T T _/

X (jQ) =
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_{toc.?f;ﬁe]_. 74 (1) —»[H ( jQ)]_> z0 (1)

rTX(ejQT) ‘Q‘«t/T

0 else
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: Continuous-1ime Processing of Discrete-Time

s

t
T

g

~N

xin T.(t c(t n
i_} ()Hc(jQ)y() /D yin]

T

J

XC(]Q) = 4

rTX(eJQT) ‘Q‘«r/T

0 else

Also bandlimited

T Y.(jQ) = H,(/X,(jQ)
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: Continuous-1ime Processing of Discrete-Time

4 N

xin T.(t c(t n

t
T T

- J

Y (j&)=H (jRX (L)

e =L S rfile-r)]  -1roe)

=0 Q=w/T Q=w/T
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Continuous-1ime Processing of Discrete-Time

4 N

xin T.(t c(t n
l_} ()Hc(jQ)y() /D yinl

1
T T )
N
Y(jQ=H,(X Q)  YE)=_Y.()
Q=w/T
PR .
Y(e ) - ?Hc (‘]Q)‘Q=a)/T XC (]Q)‘Qw)/T

S T
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Example

Penn ESE 5310 Spring 2024 - Khanna
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Example: Non-integer Delay

0 What is the time domain operation w!
integer? l.e A=1/2

H(ejw) _ e—ij

Penn ESE 5310 Spring 2024 - Khanna

hen A 1s non-

o[ln
oln-n,]

d -
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Example: Non-integer Delay

]
- © 7§ 7T}
T O
AT T 2T 3T 4T 5T t
o)
o 0
T T y(n]
0 1 2 3 4 5 n
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Example: Non-integer Delay

‘ __y[n]

Penn ESE 5310 Spring 2024 - Khanna
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Example: Non-integer Delay

‘ __y[n]
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Example: Non-integer Delay

0 What 1s the time domain operation when A is non-
integer? l.e A=1/2

H(ejw) _ e—ij

Let: H.(jQ) = e 72T delay of AT in continuous time

(" )

PN ANSANG
N

C.T recon delay AT sampling
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Example: Non-integer Delay

0 The block diagram is for interpretation/analysis only

4 )

N\ S\ T/
N~_" N— N
C.T recon delay AT sampling

. [t-kT
x (1) = gx[k]smc( 7 )
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Example: Non-integer Delay

0 The block diagram is for interpretation/analysis only

4 )

N\ S\ T/
N~_" N— N
C.T recon delay AT sampling

. [t-kT
x (1) = gx[k]smc( 7 )

y.(t)=x (t—-TA)
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Example: Non-integer Delay

0 The block diagram is for interpretation/analysis only

4 )

N\ S\ T/
N~_" N— N
C.T recon delay AT sampling

yln]=y (nT)

. [t-kT
x (1) = gx[k]smc( 7 )

y.(t)=x (t-TA)

Penn ESE 5310 Spring 2024 - Khanna
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® Example: Non-integer Delay

0 The block diagram is for interpretation/analysis only

xc(z)=2x[k]sinc(t‘7f‘T ) m) ) (H)=x(t-TA) wmp y[n]=y (nT)

Penn ESE 5310 Spring 2024 - Khanna
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Example: Non-integer Delay

0 Delay system has an impulse response of a sinc with
a continuous time delay

y[n]= Ex[k]sinc (n -A- k)

k
= x[n]* sinc(n — A)

= h[n]=sinc(n-A)

Penn ESE 5310 Spring 2024 - Khanna
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Example: Non-integer Delay

0 My non-integer delay system has an impulse
response of a sinc with a continuous time delay

H(e’¥) = ¢ /@A 4= h[n| = sinc(n — A)

Penn ESE 5310 Spring 2024 - Khanna

37



Example: Non-integer Delay

0 My non-integer delay system has an impulse
response of a sinc with a continuous time delay

H(e’¥) = ¢ /@A 4= h[n| = sinc(n — A)
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Example: Non-integer Delay

0 My non-integer delay system has an impulse
response of a sinc with a continuous time delay

H(e’¥) = ¢ /@A 4= h[n| = sinc(n — A)
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Big Ideas

a0 DT processing of CT
= Bffectively L'TT if no aliasing

0 CT processing ot DT
s Always LTI

= Usetul for interpretation

Penn ESE 5310 Spring 2024 - Khanna
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Admin

a HW 3 out now
s Due Sunday 2/18

Penn ESE 5310 Spring 2024 - Khanna

41



